Unshaped basalt blocks from archaeological sites along the border of the Roman Empire (limes) in the lower Rhine area near Vleuten-De Meern (Utrecht) have been studied petrographically, analysed by XRF for major and trace elements, and dated by the 40 Ar/ 39 Ar method. The blocks are from a revetment in the bank of a fossil branch of the Rhine and a contiguous ship De Meern 4, both built around 100 AD. All nineteen blocks are alkali olivine basalt (AOB) with xenoliths of peridotite derived from the upper mantle and quartz xenocrysts from the continental crust; eighteen blocks contain resorbed plagioclase xenocrysts as well. Abundances of major and trace elements show that those eighteen samples form a chemically coherent group. The outlier, different in chemistry and without plagioclase xenocrysts, is from the ship. A basalt block from ship De Meern 1 (148 AD) conforms compositionally to the defined group. AOB lumps from a limes watchtower (2nd-3rd century) form a chemically distinct group.
Introduction
Dendrochronological investigation indicates 100 AD ±2 as the felling date of the wood used in the ship (Jansma, 2007) .
The Utrecht archaeologists infer that the revetment was part of a large-scale Roman program of improvements of roads, watchtowers and 'castella' along the limes, which were carried out in the early years of the reign of Trajanus (98-117 AD; M. Langeveld, pers. comm., 2006) .
Petrological study of the basalts can be helpful in solving local archaeological questions, like the point of debate concerning the deposition of the oddly placed ship De Meern 4 (Morel, 2007; Van Dinter & Graafstal, 2007) . Did it sink by accident, or was it brought to sink on purpose? In that discussion, it is an asset to know whether the blocks from the ship are geologically different from those of the revetment or not. Also, a sound petrological investigation of the basalt blocks may lead to the identification of their geological sources, which may guide the archaeological search for traces of Roman quarrying activities, and help to reconstruct the trade routes of bulk material to the Rhine delta.
In order to provide geological constraints for archaeological follow-up research we investigated the blocks by microscopic petrography of thin sections and by whole rock chemical analysis. Age determinations by the 40 Ar/ 39 Ar method provide a third, independent geological criterion for correlation with possible source lavas.
We studied thirteen samples of basalt from the revetment, six from ship De Meern 4, and one from another ship De Meern 1, which was built around 148 AD and found at 150 m to the west of De Meern 4 ( Fig. 1 ; Jansma & Morel 2007) . In order to broaden the scope of this study, we include in our discussion Laanbroek's 
Petrology of Roman basalt blocks from Vleuten-De Meern
comparison, 85 thin sections of basalts from the Siebengebirge were included in this project.
The microscopy confirms that the rocks are fresh to slightly altered basalts. Olivine crystals in some samples show incipient serpentinization along cracks and iddinsite at rims, and groundmasses may contain minor celadonite and chlorite.
These secondary minerals indicate reactions with hydrothermal solutions likely during cooling of the basalt soon after emplacement.
All rocks have a (micro-)porphyritic structure: scattered phenocrysts of euhedral olivine of 0.3 -6 mm, mostly ca 1mm (Fig. 3a) , and pyroxene, in the size range of mm to occasionally cm, stand out against a very fine to fine-grained matrix. (Fig. 3d) ; rounded grains of brown-black (Cr-bearing) spinel; and some strongly corroded and strained crystals of olivine, which are commonly larger than the olivine phenocrysts.
As xenocrysts derived from the continental crust, rounded grains of quartz, featuring characteristic reaction rims with fine-crystalline pyroxene prisms, are always present (Fig. 3f) ; plagioclase as single corroded crystals, usually ≤1 mm and only one to four per thin section, are common. Typically, the plagioclase xenocrysts show signs of resorption and narrow mantles of fresh plagioclase, grown during crystallisation of the matrix plagioclase (Fig. 3f, g ). Although plagioclase xenocrysts come in very small numbers, they are found in all samples from the revetment, in all but one (DMN4-01) from the ships, and in nine of twelve samples from the watchtower. Notably, fifteen plagioclase xenocrysts were counted in sample DMN1-184.
Petrographical classification and nomenclature
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Chemistry of the Roman basalt blocks from Vleuten-De Meern

Chemical analysis and presentation of data
Samples from the revetment and the ships were analysed by X-ray fluorescence for major and trace elements (V, Cr, Ni, Cu, Zn, Ga, Rb, Sr, Y, Zr, Nb, Mo, Ba, La, Ce, Nd, and Pb). The exsisting geochemical data base from the Siebengebirge Volcanic Field (Vieten, 1987) was supplemented by seven additional samples.
Measurements were carried out at the geochemical laboratory of the Steinmann Institut für Geologie, Mineralogie und
Paläontologie at the University of Bonn (formerly: MineralogischPetrologisches Institut) using a Philips-PW 1480 XRF spectrometer. Measurements of lithium borate glass fusion beads are based on calibrations using 84 international rock standards and application of internal standards for quality control. Relative precision (2σ) was generally better than 2%
for the major oxides and better than 10% for trace elements.
An existing collection of volcanic samples, thin sections and geochemical data of the Siebengebirge (sampled by Prof. em.
K. Vieten) was used for comparison. These samples were analysed by XRF at the Mineralogisch-Petrologisches Institut of Bonn University during the late 1980s and early 1990s using the same equipment (Vieten, 1987) . Major and trace elements of the watchtower samples were analysed by XRF and ICP-MS, respectively, at the Department of Petrology (VU University Amsterdam; Laanbroek, 2004) .
The set of chemical data, including the CIPW norms, is given in Table 1 . Data used in the compositional diagrams have been normalized to 100% on a volatile free basis.
Chemical alteration
Proper use of the TAS classification diagram, in which total alkalis are plotted vs. silica, requires that rocks are not altered and it is advised to apply TAS only to rocks with H 2 O + <2 and Table 1) demonstrate that the rocks underwent only minor or no chemical modifications due to weathering (cf., Bogaard et al. 2001 ). Also, as will be shown in a later section, the incipient alteration in some samples, causing some loss of Na, did not significantly influence the proportions of other elements. Most analyses can therefore be considered to represent pristine compositions controlled by magmatic processes only.
IUGS classification and nomenclature
In the TAS-diagram, the IUGS classification diagram for volcanic rocks (Le Bas et al. 1986; Le Maitre 1989) , all data from the revetment, ships and watchtower plot within a small domain straddling the basanite -basalt boundary (Fig. 5 ). For the samples with SiO 2 <45% the name basanite is applicable because they have normative olivine >10% (Table 1) . Thus, within the microscopically defined group of AOB, a basanitic subgroup can be recognized on chemical grounds. Not counting the two samples with relatively low total alkali due to sodium loss, the rocks plot well above the divide between the alkaline and subalkaline geochemical suites ( the Na-leached samples DMN1-184 and DMN4-31 (Table 1) .
Origin of the magmas and tectonic-igneous association
The low SiO 2 content (44 to 46 wt.%) coupled with high concentrations of compatible elements, such as Mg (10.8 to 11.8 wt.% MgO), Ti (2.2 to 2.8 wt.% TiO 2 ), Ni (233 to 355 ppm, not analysed for watchtower samples), and Sr (>680 ppm), indicates that the samples represent primitive mafic melts (Table 1) .
Such melts form directly by partial melting from the mantle source with minor or insignificant chemical differentiation (Winter, 2001) . AOB containing xenoliths from the continental crust are produced in a continental intra-plate tectonic environment (Winter, 2001 ). This notion is corroborated by the abundances of certain trace elements, normalized to the primitive mantle composition after Sun & McDonough (1989) :
Apart from a relative depletion of P and a deep trough for K, the spidergram ( et al. 1986 . Siebengebirge data after Vieten (1987) ; Westerwald data after Haase et al. (2004) ; and Volgelsberg data after Bogaard & Wörner (2003) . The alkaline-subalkaline divide is after Irvine & Baragar (1971) . after Sun & McDonough (1989) . Watchtower data after Laanbroek (2004 Table 2; for full data the reader is referred to the electronic supplement).
The results were calculated using the decay constant and abundance for 40K recommended by Steiger and Jäger (1977) .
The flux monitor used in this study is DRA-1 with an age of 25.26 Ma, modified from Wijbrans et al. (1995) to the consistent set of standards recommended by Renne et al. (1998) . 40 Ar/ 39 Ar incremental heating experiments were carried out in the geochronology laboratory at the VU University,
Amsterdam. The groundmass samples were crushed and sieved.
Sieve fractions were washed and ultrasonically cleaned to remove surface intergrowths. The 250 -500 μm fraction was used for dating. For each sample ca 100 mg was packed in 9 mm diameter Al-foil packages and stacked with packages containing DRA-1 mineral standard into a 10 mm OD quartz tube. The quartz vial was packaged in a standard Al-irradiation capsule and irradiated for 24 hours in a Cd-lined rotating facility (RODEO) at the NRG-Petten HFR facility in the Netherlands.
Upon return to the laboratory the groundmass samples were spread out evenly in 6 mm diameter depressions in a Cu-sample tray, and placed in a UHV vacuum house. Samples were incrementally heated by increasing laser power every step 
Results
All five 40 is also exceptional since plagioclase xenocrysts are lacking.
Quest for the sources of the Roman blocks
Regional scale considerations
Continental intra-plate volcanism, which produces predomi - (Wedepohl et al., 1994) . As shown in the TAS diagram (Fig. 5) , data from German volcanic fields are substantially overlapping those from the Roman blocks. Therefore, if we want to narrow in on the source areas for the Roman basalts, and possibly locate their quarry sites, a multi-element discrimination approach must be applied.
Petrographic considerations
Microscopic petrography is of limited use for discrimination of source areas since the mineral content of the alkali basalts of most Tertiary German areas is similar to those described for the blocks. However, the petrographies of basaltic rocks from the Quaternary and Tertiary Eifel fields are characterized by the presence of one or more of the minerals amphibole, biotite, Kfeldspar, nepheline, leucite and members of the sodalite group (Schmincke et al., 1983; Mertes & Schmincke, 1985; Huckenholz, 1983; Huckenholz & Büchel, 1988) . Considering that none of those minerals have been found in the Roman blocks, the Eifel is a very unlikely source area. Kars et al. (2001) came to the same conclusion on the basis of a microscopic petrography of basalt lumps from other sites along the limes. These sites, marked 'II' in Fig. 1 , expose a road, a bridge (100 AD) and a settlement (120 -180 AD; E. Graafstal, pers. comm., 2007).
Geochemical considerations
The variability in chemical compositions of the CEVP is well documented (Bogaard & Wörner, 2003; Ehrenberg & Hicketier, 1994; Haase et al., 2004; Huckenholz & Büchel, 1988; Mertes & Schmincke, 1985; Schmincke et al., 1983; Vieten et al., 1988; Wedepohl, 1983 (Röder, 1974) .
Volcanic fields of the Cenozoic European Volcanic Province shown in the inset: the Eifel (E); the Siebengebirge (SG); the Westerwald (W); the Vogelsberg (V); Rhön (R); and the northern Hessian Depression (HS).
as analysed for the respective groups and outliers. Since the basalts represent primitive melts, and it has been shown that Mg-Fe ratios of such liquids change markedly in the early stages of crystallization (Oskarsson et al., 1982; Wilkinson, 1982) , we let the proportions of Mg and Fe be presented by their ratio, the Mg#. The selected criteria are extended by 4% relative, to allow for analytical error, i.e., 2% for the analyses of the blocks plus 2% for those of the volcanic field samples. For our study we used 433 modern analyses of basaltic rocks with SiO 2 <50 wt.% (data normalized to 100% volatile free) from eight German CEVP fields. The results summarized in Table 3 show that the three Eifel sub-areas, Rhön and Hessen do not yield any matches.
Chemical matches for the revetment-ships group are found in samples from the Siebengebirge (7×) and the Vogelsberg (7×);
for the watchtower group in samples from the Siebengebirge (4×) and the Westerwald (1×); for outlier DMN4-01 in the Siebengebirge (2×); and for outlier VLEN3-262 no match at all.
A graphical approach of a three-step check towards matching archaeological samples to potential source areas is presented in Figure 10 .
Age constraints applied to the compositionally selected areas
For basanites and alkali basalts from the Siebengebirge Volcanic Field (SVF) nine K-Ar ages between 20 ± 1 and 26 ± 2 Ma and one of 27.5 ± 5.5 Ma were published thus far (Todt & Lippolt, 1980 The established ages fall in a period of less intensive subsidence along the Rhine Graben rift system, from 31 to 25 Ma, which followed a phase of maximum subsidence, from 42 -31 Ma (Ziegler 1992) . This correlation in time suggests a strong regional tectonic control of the AOB production in the Siebengebirge. The local source problem -how to select likely quarry sites in the Siebengebirge Volcanic Field
From the geological point of view
Geochemistry
As shown in Table 3 and Fig. 10 , seven SVF basalts satisfy the criteria for the revetment-ships group; four specimens match the watchtower group; and two samples match outlier DMN4-01.
With the exception of one remote place, the sampling sites of the chemical matches are concentrated in an elongated zone of about 6 km × 20 km, marking the NW-SE strike of the Lower Rhine embayment, parallel to the local graben structure (Fig. 11) .
Petrography
Microscopy of 87 thin sections from 43 localities, largely inside the elongated zone, reveals that the AOB feature the same porphyritic texture and phenocrystic minerals as recognized in the Roman blocks. However, plagioclase xenocrysts, that are found in all thin sections of the revetment blocks, in all but one of those from the ships and in nine of twelve from the watchtower, are rare and of local occurrence in the SVF. Plagioclase xenocrysts were found in only six sites of AOB (and three sites of trachybasalt); together, these occurrences confine a limited field in the middle of the elongated zone (Fig. 11) .
Is finding sources using compositional criteria biased by sampling density?
Just two samples, #104HP and #207HP, fully match the chemical criteria set by the revetment-ships group and contain plagioclase xenocrysts as well (Table 4) . Fig. 9 ; Vieten, 1987 (Table 4) . Clearly, a higher density of sampling in the Siebengebirge will improve the overall results. Also, a denser sampling may give a better insight in the distribution of the crucial plagioclase xenocrysts.
From the perspective of Roman logistics
Position with respect to the limes and distance from the Rhine It seems quite reasonable to contend that the Romans preferred to quarry their basalt blocks inside the limes and possibly closest to a navigable waterway, casu quo the Rhine.
In this region, three large basalt bodies are exposed at the immediate borders of the Rhine: viz., Rolandsbogen, Unkelsteine and Erpeler Ley (Fig. 9) (Table 4 ).
The Godesburg, although not lying directly at the Rhine, merits a separate discussion from the logistic point of view because thus far it is one of only two sites that produced a sample fully matching both the chemical and the petrographic criteria of Roman blocks.
The Godesburg and Bonn in the 1st century AD
At first sight, lying at about 1.6 km from the current river bed of the Rhine, the Godesburg does not seem to be logistically attractive for opening a quarry in the Roman era. However, the local topography may not have been quite the same in the first century AD. The volcanic body is exposed at the lower river terrace, next to the Godesburger Bach affluent to the Rhine, and (Fig. 9) . 'Gumme' is derived from 'Gummia', a local term from the 9th century to denote an old Rhine branch (Gerlach, 2001 ). In Roman times, the 'Gumme' was water-filled, running past the west side of the 'Vicus Bonnensis' to 'Bonna' (Gerlach, 2001; Horn, 1987) . comm., 2006), it will be difficult, if not impossible, to find original Roman quarries in situ. If so, there is of course little chance of finding the exact equivalents of the blocks that were quarried by the Romans. In this context, it might be that on the Godesburg in particular, in situ evidence of a Roman quarry has been preserved until to-day, just because quarrying there was discontinued altogether when the transporting facilities were severely hampered by shallowing of previously available waterways.
Possible sources and open questions
After all deliberation and based on the available petrographic and geochemical data, the Rolandsbogen, the Godesburg and the Erpeler Ley can be indicated as the most likely sources of the blocks that were used by the Romans in Vleuten-De Meern.
Some relevant uncertainties still exist, though.
In the first place it is not yet clearly identified that the Godesburg was attainable by vessels during the Roman times;
and secondly, in logistically prospective areas matches with Roman blocks may have been missed because of low sampling density, e.g., the Unkelsteine.
In order to elucidate the remaining uncertainties regarding the Roman basalt quarry sites in the Bonn-Remagen area, we suggest two further studies:
1. A historical topographical study aiming at the 'Gumme' in the Godesburg-Bonn area to ascertain the logistic feasibility of a basalt quarry at the Godesburg.
2. A denser sampling of the basaltic bodies that are situated at the immediate borders of the Rhine, followed by geochemical research and a microscopic search for plagioclase xenocrysts.
Interestingly, if in situ evidence of Roman quarries is still available, a denser sampling pattern may also help identifying the original sites of provenance for the multi-sample groups of Roman blocks, as these are, by definition, chemically homogeneous within narrow limits, and therefore probably come from rather small quarries or from separate corners in a large one. 
Summary and conclusions
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